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 In the derivation of the equation for the flanking sound reduction index for EN12354-1, reciprocity was used to 
remove the radiation efficiencies of the elements from the calculations.  The exclusion of the radiation 
efficiencies was beneficial since they are often not known.  However, the assumption of reciprocity may only be 
applicable to the heavy monolithic constructions for which EN12354-1 was intended.  If EN12354-1 is applied 
to lightweight constructions which may exhibit direction dependent sound transmission, the assumption of 
reciprocity may contribute to an over prediction of the apparent sound reduction.  A correction factor is proposed 
to correct for the over prediction due to the assumption of reciprocity.  However, due to the inclusion of the 
radiation efficiencies in the correction factor, its use is limited.  Alternatively, the correction factor may be used 
to estimate the error due to the assumption of reciprocity so that the accuracy of the EN12354-1 predictions can 
be assessed for lightweight constructions. 
1 Introduction 
In the development of the prediction method that would 
become the standard EN12354-1, the flanking transmission 
loss between two building elements was defined to be [1]: 
   (1) 
where  is the calculated flanking transmission loss 
between elements i and j,  is the in-situ resonant 
transmission loss of element i,  is the in-situ vibration 
transmission factor between elements i and j,  is the area 
of element j,  is a reference area and  and  are the in-
situ resonant radiation efficiencies of elements i and j, 
respectively.  Likewise, the flanking transmission loss in 
the opposite direction between j and i was defined as: 
   (2) 
Of the terms in Eq.(1) and Eq.(2),  the resonant radiation 
efficiencies of the elements are often the least known [2].  
The values are often not readily available [3] and can be 
determined correctly only if the velocity amplitudes and the 
radiation efficiencies of all participating modes are known 
[4].  Reciprocity between the calculated flanking 
transmission loss terms in each direction was used to 
exclude the radiation efficiency terms from the calculations 
such that [5]: 
   (3) 
where  is the estimation of the measurand  
according to EN12354-1.  Eq.(3) was written under the 
assumption that , even for lightweight building 
elements [6] which may have critical frequencies above the 
frequency range of interest.  Other authors [5, 7] have 
suggested that the assumption of reciprocity may be 
acceptable for the heavy monolithic constructions for which 
EN12354-1 was intended, but may not be applicable to 
lightweight building constructions.  The possible lack of 
reciprocity for lightweight structures is due in part to the 
vibration transmission factors which may differ 
significantly in each transmission direction for lightweight 
building elements [8].  
2 Best Estimate of the Flanking 
Transmission Loss 
It is assumed that  and  represent two independent 
observations of the possible values of .  The true value 
 can not be known but the best estimate of the true value 
is an average of the observations such that [9]: 
   (4) 
The estimate  does not assume that  and 
therefore may be a better estimate of the measurand than 
 when the flanking transmission loss is direction 
dependant as may be the case for lightweight constructions.   
A comparison between  and  indicates 
that  may under predict the measurand when 
.  This results in an over prediction of the flanking 
sound reduction index as shown in Fig.1. 
 
Fig.1  Comparison between  and  
where  and .  The initial 
value of the calculations was set to  30dB. 
The error between the predictions of the sound reduction 
index may be written as: 
      (5) 
Fig.1 shows that  and  are in 
agreement when , but as  increases, the 
magnitude of the error  also increases. The flanking 
transmission loss of each of the flanking paths are summed 
for the calculation of the apparent sound reduction index  
[10].  For two rooms separated by a common wall, there are 
12 possible first-order flanking paths [11] and the error in 
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 due to the assumption of reciprocity includes 
contributions from each of the flanking paths.   
For example, the values of , , , and 
 were calculated for two elements made of 
double leaf gypsum board glued and screwed to steel studs.  
The elements were connected by a corner junction and the 
vibration transmission factors were measured according to 
the standard, EN10848-1.   The resonant sound reduction 
index of the elements was calculated according to the 
theory of Leppington [12] which was shown to give good 
results in one study [13].  Since the elements were identical, 
it was assumed that  and therefore the radiation 
efficiency terms were excluded from the calculations.  The 
values of , , , and  are 
compared in Fig.2. 
 
Fig.2  Comparison between , , , and 
 for a lightweight, double-leaf constructions of 
gypsum board on metal studs.  The elements both had 
critical frequencies in the 4000 Hz 1/3 octave band. 
The figure shows that the values of  and  differed by 
as much as 4.3 dB in the 2000 Hz 1/3 octave band resulting 
in an error of  = 0.5 dB.  If each of the 12 possible 
flanking paths showed similar errors, the over estimation of 
  due to the assumption of reciprocity would be 0.5 dB. 
3   Proposed Correction Factor 
For convenience, Eq.(4) may be rewritten in terms of a 
correction factor which may be applied to  such 
that: 
   (6) 
The correction factor  is defined as: 
   (7) 
where: 
   (8) 
The correction factor includes the radiation efficiencies and 
therefore may be difficult to apply in practice.  If the 
radiation efficiencies of the elements are predicted 
theoretically using the equations in Annex B of EN12354-1, 
for example, the corresponding uncertainty of the 
predictions may exceed the uncertainty due to the 
assumption of reciprocity.  Therefore, the correction factor 
is best applied in cases where the radiation efficiencies are 
known, in cases where the radiation efficiencies of the 
elements along the flanking path are believed to be similar 
(as could be the case if the walls of the rooms were made of 
identical constructions), or in cases where the frequency is 
above the critical frequency and therefore the radiation 
efficiencies tend to a value of 1 [4].  The correction factor 
may also be used to estimate the error,  in cases where 
the difference between  and  is large compared to the 
difference between the predicted radiation efficiencies and 
transmission losses of the elements as may be the case with 
lightweight constructions. 
4  Evaluation of Assumptions 
The assumption according to EN12354-1 that  and  
represent observations of the same distribution may be 
evaluated using a one-way analysis of variance (ANOVA) 
on the data [14].  The one-way ANOVA requires sets of 
data for each observation, but in practice,   and  each 
represent single, calculated values which are insufficient for 
the analysis.  However, if the uncertainty and the 
probability density function (PDF) of  and  are known, 
repeat observations of each value may be produced by 
sampling from the PDF describing the calculated values 
using a pseudo-random number generator that is 
appropriate for the PDF [15].   
The uncertainty of the  term may be calculated from the 
uncertainty of the inputs of Eq.(1) following the guidelines 
of GUM [16] such that: 
          (9) 
where  represents the squared uncertainty of term .  
A similar equation may be written for .  Eq.(9) 
includes the uncertainty of the resonant transmission loss 
and the resonant radiation efficiencies, both of which may 
be calculated theoretically rather than experimentally. The 
uncertainty of the theoretical calculations is dependent upon 
the uncertainty of the inputs values which may not be 
known and upon the bias from the true value of the 
measurand which can not be known.   
Alternatively, GUM allows for the estimation of the Type B 
uncertainty from previous measurement data, experience or 
general knowledge [16].  If it is assumed that the theoretical 
predictions of the resonant components of the transmission 
losses and the radiation efficiencies have similar 
uncertainty to the measured values, then the uncertainty 
may be estimated from experience or from standards such 
as ISO140 [17] which provides a standard deviation of 
reproducibility for the measurement of the sound reduction 
index.   
The Central Limit Theorem suggests and Monte Carlo 
simulations have confirmed that the flanking transmission 
loss has a Gaussian PDF.  The Hill-Wichmann algorithm 
40
42
44
46
48
50
52
54
56
58
60
100
125
160
200
250
315
400
500
630
800
1000
1250
1600
2000
2500
3150
4000
5000
M
ag
ni
tu
de
 (d
B)
1/3 Octave Band Center Frequency (Hz)
Comparison Between Flanking Sound Reduction Indicies
Rij
Rji
Rij,EN12354
Rij, Proposed
 
 
 
 
 
[18, 19], for example may be used to generate random 
observations from the Gaussian distribution based on the 
uncertainty and the mean of  and .  Since the simulated 
observations involve random values, the results are subject 
to statistical fluctuations [20].   Therefore, the simulation 
requires an adequate number of observations which may be 
estimated by comparing the mean of the calculated value to 
that of the estimated mean of the simulated values.  A 
maximum allowable error is set and the number of trials is 
then increased until the difference between the calculated 
and the simulated mean is within the allowable error.   
For example, the distribution of  and  of the double-
leaf constructions of gypsum board on metal studs shown in 
Fig.2 were simulated using up to 500,000 observations to 
achieve a maximum of 1% error in the mean.  The 
hypothesis that  and  are observations from the same 
normal population was rejected at the 95% confidence level 
in thirteen of the eighteen 1/3 octave bands evaluated by 
EN12354-1.   The 1/3 octave bands where the hypothesis 
was accepted included the 315, 800, 1250, 3150 and 4000 
Hz 1/3 octave bands which can be seen in Fig.2 to be bands 
where the values of  and  were almost identical and 
where the error  was negligible.  The rejection of the 
hypothesis in the remainder of the 1/3 octave bands 
indicates that the assumption of reciprocity did not hold and 
therefore suggests that  may be a better 
estimator of the measurand than . 
5 Uncertainty of Estimates 
The uncertainty of  is calculated using the 
procedure outlined in GUM to be: 
  (10) 
and the combined uncertainty of  is: 
  (11) 
Histograms of the estimates are compared for the gypsum 
board on metal studs construction in Fig.3. 
 
Fig.3  Comparison between the histograms of , , 
 and .   
The histogram of  is shown to be broader and 
shorter than that of , indicating that in this case, 
 had greater uncertainty than .  
However, since Eq.(11) also includes the Type A 
uncertainty due to averaging the  and  terms, the 
uncertainty of  may exceed that of  if 
the difference between  and  becomes large.  The 
uncertainty of  depends only on the uncertainty 
of  and  and remains the same regardless of the 
magnitude of the difference between  and .  Therefore 
Eq.(11) may give a better estimation of the uncertainty. 
6 Discussion 
While the proposed correction factor can be used to correct 
for the underestimation of    when , the 
correction does not address the validity of the method when 
the assumption of reciprocity does not hold.  It has been 
shown [11, 21, 22] that the equations of EN12354-1 may be 
equated to a first order Statistical Energy Analysis (SEA) 
model where there is only one junction and where only 
bending waves are considered.  Therefore, the method of 
EN12354-1 is subject to the same restrictions as SEA [23].  
For SEA models, if reciprocity does not hold then the 
coupling loss factors can be negative and power can flow 
from a subsystem with low energy to one with high energy 
which is against the spirit of SEA [24].  Therefore, the 
validity of using EN12354-1 may be in question for 
systems where reciprocity does not hold.   
The proposed correction to the flanking sound reduction 
index is itself only an estimate since the true value of the 
flanking sound reduction index is unknown.  The proposed 
estimate  lacks the elegance of  since 
it includes the radiation efficiencies of the elements, the 
magnitude and uncertainties of which may not be known.  
However, even if the correction factor is not applied to the 
EN12354-1 predictions, it may still be used to estimate the 
error  in the predictions due to the assumption of 
reciprocity.  If the error is large, then the accuracy of 
applying the EN12354-1 prediction method may be 
questionable. 
7 Conclusions 
The EN12354-1 method for predicting the flanking sound 
reduction index of each flanking path may over estimate the 
measurand if the assumption of reciprocity does not hold.  
The contributions from each of the flanking paths are 
summed to predict the apparent sound reduction index, 
resulting in a possible overestimation in the predictions 
made according to EN12354-1.  A correction factor for the 
flanking sound reduction index of EN12354-1 has been 
proposed to correct for the deviation from reciprocity, 
especially in the case of predictions for lightweight 
constructions.  However, the correction factor includes the 
radiation efficiencies, the values of which may be 
unknown.  If the values of the radiation efficiencies are 
predicted theoretically, the uncertainty of the estimated 
values may be greater than the uncertainty due to the 
assumption of reciprocity.  Therefore, the correction factor 
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is suggested for use in cases when the radiation efficiencies 
are known, when the radiation efficiencies of the elements 
may be assumed to be identical or when the difference 
between the ratio of the radiation efficiencies and the 
transmission loss is small when compared to the ratio of the 
vibration transmission factors.   
Even if the value of the radiation efficiencies are estimated, 
the error between the proposed best estimate of the flanking 
sound reduction index and the estimate according to 
EN12354-1 may be used to estimate the error due to the 
assumption of reciprocity.  However, the correction does 
not address the validity of applying the EN12354-1 method 
when the assumption of reciprocity does not hold. 
Acknowledgments 
The authors gratefully acknowledge the support of this 
work by Building Research and the New Zealand 
Department of Building and Housing and funding from the 
Building Research Levy. 
References 
[1] Gerretsen, E., Calculation of Airborne and Impact 
Sound Insulation Between Dwellings, Applied Acoustics, 
1986, 19(4), 245-264. 
[2] Gerretsen, E., European Developments in 
Prediction Models for Building Acoustics, Acta Acustica, 
1994, 2, 205-214. 
[3] Gerretsen, E., Prediction of Sound Insulation in 
Buildings: a Tool to Improve the Acoustic Quality, 
Jahrestagung Fur Akustik,  Aachen, 2003,  
[4] Cremer, L. and Heckl, M., Structure-borne sound : 
structural vibrations and sound radiation at audio 
frequencies, Springer-Verlag, Berlin ; New York, 1973. 
[5] Nightingale, T. R. T., Application of the CEN 
Draft Building Acoustics Prediction Model to a 
Lightweight Double Leaf Construction, Applied Acoustics, 
1995, 46(3), 265-284. 
[6] Gerretsen, E., Calculation of the Sound 
Transmission Between Dwellings By Partitions and 
Flanking Structures, Applied Acoustics, 1979, 12(6), 413-
433. 
[7] Rindel, J. H., "Note 4214:  Sound Insulation in 
Buildings - Tentative Edition," Acoustic Technology, 
Ørsted•DTU, Technical University of Denmark 2003. 
[8] Mahn, J. and Stevenson, D. C., Separation of 
Resonant and Non-Resonant Components - Part 2:  Surface 
Velocity, Building Acoustics, 2008, 15 
[9] Kirkup, L., A Guide to GUM [Guidelines for 
Uncertainty in Measurements], European Journal of 
Physics, 2002, 23(5), 483-487. 
[10] EN 12354-1:2000 Building acoustics. Estimation 
of acoustic performance in buildings from the performance 
of elements. Airborne sound insulation between rooms., 
Bruxelles, European Committee for Standardization. 
[11] Nightingale, T. R. T. and Bosmans, I., 
"Expressions for first-order flanking paths in homogeneous 
isotropic and lightly damped buildings," National Research 
Council Canada Institute for Research in Construction 
(NRC-IRC) NRCC-45376, 2003. 
[12] Leppington, F. G., Heron, K. H., Broadbent, E. G., 
and Mead, S. M., Resonant and Non-Resonant Acoustic 
Properties of Elastic Panels.  II.  The Transmission 
Problem, Proceedings of The Royal Society of London, 
Series A: Mathematical and Physical Sciences, 1987, 
412(1843), 309-337. 
[13] Mahn, J. and Pearse, J., Separation of Resonant 
and Non-Resonant Components - Part 1:  Sound Reduction 
Index, Building Acoustics, 2008, 15 
[14] Hald, A., Statistical Theory with Engineering 
Applications, John Wiley & Sons, Inc., New York, 1952. 
[15] Cox, M. G., Dainton, M. P., and Harris, P. M., 
"Uncertainty and Statistical Modelling," National Physical 
Laboratory, Middlesex, UK Best Practice Guide No. 6, 
2001. 
[16] International Bureau of Weights and Measures. 
and International Organization for Standardization., Guide 
to the expression of uncertainty in measurement, 1st edn, 
International Organization for Standardization, Genève, 
Switzerland, 1993. 
[17] ISO 140-2:1991 Acoustics -- Measurement of 
sound insulation in buildings and of building elements -- 
Part 2: Determination, verification and application of 
precision data, Geneva, International Organization for 
Standardization. 
[18] Steele, A. G. and Douglas, R. J., Simplifications 
From Simulations, 2005 NCSL International Workshop and 
Symposium,  Washington D.C, 2005,  
[19] Wichmann, B. A. and Hill, I. D., Algorithm AS 
183: An Efficient and Portable Pseudo-Random Number 
Generator, Applied Statistics, 1982, 31(2), 188-190. 
[20] Hahn, G. J. and Shapiro, S. S., Statistical models 
in engineering, Wiley, New York,, 1967. 
[21] Craik, R. J. M., Contribution of long flanking 
paths to sound transmission in buildings, Applied 
Acoustics, 2001, 62(1), 29-46. 
[22] Nightingale, T. R. and Bosmans, I., "On using 
multiple Kij’s in the EN12354 acoustics prediction model 
to represent excess attenuation in flanking surfaces," 
National Research Council Canada, Institute for Research 
in Construction, Acoustics, Ottawa, Ontario, Canada 
NRCC-44991, 2001. 
[23] Gerretsen, E. and Nightingale, T. R. T., Prediction 
Models in Building Acoustics:  Introduction to the Special 
Session at Forum Acusticum 1999 in Berlin, Building 
Acoustics, 1999, 6, 151-158. 
[24] Mace, B. R., On the Statistical Energy Analysis 
Hypothesis of Coupling Power Proportionality and Some 
Implications of Its Failure, Journal of Sound and Vibration, 
1994, 178(1), 95-112. 
 
 
